ABSTRACT. This study examines the ontogeny of the regulation of Na+,K+-ATPase activity in the proximal tubule (PT) by a first messenger, dopamine (DA), and by direct stimulation of a third messenger, protein kinase C (PKC). PT segments dissected from 10-(PTIO), 15-(PT15), 20-(PT20), and 40-(PT40) d-old rats were preincubated with DA lo-' M, diacylglycerol (DAG) lo-' M (an endogenous activator of PKC), or phorbol 12,13-dibutyrate (PDBu) M (an exogenous activator of PKC). DA inhibited Na+,K+-ATPase activity in PT40. In PT20, DA also inhibited Na+,K+-ATPase activity, but the inhibitory effect in PT20 was less pronounced than in PT40. In PT15, DA had no effect on Na+,K+-ATPase activity. DAG significantly inhibited Na+,K+-ATPase activity in PT40. DAG also inhibited Na+,K+-ATPase activity, in PT20, but the inhibition was slightly less pronounced than in PT40.
DAG had no effect on Na+,K+-ATPase activity in PT15.
Na+,K+-ATPase activity in PT40 and PT20 preincubated with PDBu was significantly lower than with vehicle. The inhibitory effect in PT20 was less pronounced than in PT40. When PT40 and PT20 were preincubated with both PDBu and 5 x lo-' M sphingosine, an inhibitor of PKC activation, the inhibitory effect of PDBu was abolished. In both PT40 and PT20 incubated with 4-a-12,13 phorbol didecanoate M, a phorbol ester that will not activate PKC, Na+,K+-ATPase activity was not different from the control. In PTlO, Na+,K+-ATPase activity was the same after PDBu incubation and after vehicle incubation. Na+,K+-ATPase activity in PTlO incubated with both PDBu and sphingosine was not different from the control. PDBu inhibited Na+,K+-ATPase activity in a dose-dependent way in PT40 and PT20 but not in PT10. We conclude that the short-term regulation of renal tubular Na+,K+-ATPase activity undergoes postnatal changes. (Pediatr Res 30: 131-134,1991) Abbreviations Infants have a lower capacity than adults to adapt sodium excretion to sodium intake (1) (2) (3) (4) . Several factors may contribute to the poor control of sodium balance in infancy. There is a postnatal increase of the V,,, of Na+,K'-ATPase, the enzyme that yields energy to active sodium transport out of the cell (5) . The developmental increase in the V, , , of Na',K+-ATPase activity is associated with increases in the Na reabsorptive and the renal concentrating capacities (6) (7) (8) (9) (10) .
Under physiologic conditions, Na+,K+-ATPase operates at a fraction of its V,,,. Because the intracellular concentration of sodium is lower (<20 mM) than that required to reach the V, , , for Na+,K+-ATPase (>50 mM) (ll), it may be questioned whether the low V,,, of Na+,K'-ATPase in immature kidney tubule cells is sufficient to explain the poor renal tolerance to sodium that we find in the infant.
The activity of Na+,K+-ATPase in the renal tubule cell is controlled by a number of hormones. Dopamine, which has a natriuretic effect, inhibits Na+,K+-ATPase activity (12) (13) (14) . Norepinephrine, which is antinatnuretic, stimulates Na+,K'-ATPase activity (15) . Other hormones, such as prostaglandin (l6), AVP (17) , and endothelin (18) , have also been shown to modulate renal Naf,K+-ATPase activity. Direct activation of second and third messengers, such as CAMP (19) and PKC (20,2 I), can also cause a change of Na+,K'-ATPase activity. Both phorbol esters and diacylglycerol inhibit proximal tubular Na+,K'-ATPase activity in the adult kidney (22) . There is also evidence that dopamine inhibition of proximal tubular Na',K+-ATPase activity involves activation of PKC (22) .
This study addresses the question of whether the short-term regulation of renal Na+,K'-ATPase activity is blunted in the infant kidney and whether this may be due to immaturity of the systems that transduce the signal from an activated receptor to the effector. We have used single permeabilized tubules from 10-to 40-d-old Sprague-Dawley rats and examined the effects of both dopamine, phorbol esters, and diacylglycerol, an endogenous activator of PKC on Na+,K+-ATPase.
MATERIALS AND METHODS

DA, dopamine DAG, diacylglycerol analogue
The experiments were performed on male Sprague-Dawley rats aged 10, 15, 20, and 40 d. The rats were kept with their Na',Kf-ATpase, sodium potassium t r i~h o s~h a -dams until the age of 20 preincubation period was terminated by rapid cooling of the Age, days tubule segments to 4°C. After preincubation, the medium was removed by mouth pipette and each segment was pemeabilized of both media was 7.4. The media containing the tubule segments DAG 10-5 M had no effect on Na+,KC-ATpase activity in and the media alone (blanks) were incubated at 37°C for 15 min. p~1 5 (673 + 7 1 versus 786 + 48; n = 5).
After absorption of the unh~drol~zed nucleotide on activated
Phorbol esters with a diacylglycerol-like structure are specific charcoal, the 32P liberated by the hydrolysis of [32PlATP was activators of PKC. We investigated the effect of the phorbol ester separated by filtration through a Millipore filter (France). The PDBU on p~ ~a + , K + -~T p a s e activity. These studies were perradioactivity was counted in a liquid scintillation spectrophotom-formed on p~ from 10-( p~l o ) , 20-, and 40-d-old rats. pT eter. In each study, we used six to 10 segments individually to segments were preincubated with 10-6 M PDBu or vehicle for determine both total ATPase and ouabain-insensitive ATPase. 20 min at room temperature. In each assay, the nonspecific release of 32P WaS determined in Naf,K+-ATpase activity in pT40 incubated with pDBu five samples without tubule segments (blanks). Na+,Kf-ATPase M was significantly lower than in vehicle-incubated PT40. When activity was calculated as the difference between the mean value PT segments were preincubated with both 10-6 PDBu and 5 x for total ATPase and the mean value for ouabain-insensitive 10-5 M sphingosine, an inhibitor of PKC activation, the inhibiATPase and expressed per unit of tubule length in single tubules. tory effect of PDBU was abolished ( Fig. 2A) . In pT40 segments Stati~tical U~U~Y S~S .
Values are given as mean rt SEM. When incubated with 4-a-12,13 phorbol didecanoate lo-' M, a phorbol appropriate, the data were examined by means of the t test or ester that does not activate PKC, NaC,K'-ATPase activity was analysis of variance. A p value less than 0.05 was considered 1450 + 164 pmol Pi/mm tubule/h, which is not different from significant. the control. Na+,Kf-ATPase activity in PT20 incubated with PDBu RESULTS M was significantly lower than in vehicle-incubated PT20. The inhibitory effect was less pronounced than in PT40. When PT20 Effect ofDA on PTNaf,K+-ATPase activity. PT segments from segments were incubated with both PDBu and sphingosine, the 15-(PT15), 20-(PT20), and 40-(PT40) d-old rats were prein-inhibitory effect of PDBu was abolished (Fig. 2B) . Na+,K+-cubated with DA M or vehicle for 30 min at room temper-ATPase activity in PT20 segments incubated with 4-a-12,13
ature. This dose was chosen because it causes maximal inhibition phorbol didecanoate was 988 + 10 1 pmol Pi/mm tubulelh, of Na',K+-ATPase in adult rats (12) . The effect of DA M which is not different from the control. on Na+,KC-ATPase activity (pmol Pi/mm tubule/h) in PT 15,  In PT dissected from 1 0-d-old rats, Na+,Kf -ATPase activity PT20, and PT40 segments is illustrated in Figure 1 . DA M was the same after PDBu incubation and after vehicle incubation. inhibited Naf,K+-ATPase activity in PT40, but the inhibitory Na+,K+-ATPase activity in PTIO incubated with both PDBu and effect in PT20 was less pronounced than in PT40. In PT15, sphingosine was 534 pmol Pi/mm tubule/h, which was not dopamine had no effect on proximal tubular Na',K+-ATPase different from the control (Fig. 2C) . activity.
The response to PDBu was also examined as shown in Figure  DA did not influence ouabain-insensitive ATPase activity 3. PDBu inhibited Na+,K+-ATPase activity in a dose-dependent (data not shown).
way in PT40 and PT20 but not in PT10. It is apparent that PT40 Effect of PKC activation on proximal tubule NaC,KC-ATPase segments were more sensitive to the inhibitory effect than PT20 activity. In one protocol, PT segments from 15-, 20-, and 40-d-segments. Inhibition by PDBu was maximal from lo-' M in old rats were incubated with the diacylglycerol analogue, DAG. both PT40 and PT20. Diacylglycerol is an endogenous activator of PKC. PT segments Neither DAG nor PDBu influenced ouabain-insensitive ATPwere incubated with DAG M or vehicle for 20 min at room ase activity (data not shown). 
REGULATION OF Na+, K+-ATPASE ACTIVITY
DISCUSSION
Our study confirms the finding that DA and PKC activations lead to an inhibition of Na+,K+-ATPase activity in adult PT cells and demonstrates that this short-term regulation of active Na transport develops gradually during postnatal life.
DA had a well-documented natriuretic effect (13, 14, 24, 25) . The PT cells are the source of renal dopamine production (26) (27) (28) . DA produced in PT cells acts as a paracrine factor and inhibits Na reabsorption in both proximal and distal tubular segments (29, 30) . In adult rats fed a high salt diet, urinary Na excretion is increased and PT Na+,K+-ATPase is decreased. If the rats are fed benzerazide, an inhibitor of L-amino acid decarboxylase, the enzyme that converts L-DOPA to DA, this natriuretic response is attenuated and Na+,K+-ATPase activity increases to normal values (13) . These observations imply that locally produced DA acts as a natriuretic hormone during a high salt diet and that the inhibition of renal tubule Na+,K+-ATPase activity contributes to this natriuretic effect.
Several observations suggest that the renal effects of DA are age-dependent (24, 25, 3 1). Pelayo et al. (3 1) reported that the infusion of DA increases sodium excretion more in older puppies than in young ones. The results of our study are well in line with the observation by Pelayo et al. DA inhibition of Na+,K+-ATPase, the enzyme that yields energy to transcellular Na transport in the tubule cell, is blunted in 20-d-old rats and absent in 10-d-old rats.
The blunted response to DA in infant rats may thoretically be due to a number of factors such as 1 ) low DA receptor density, 2) immaturity of the systems that transduce a signal from an activated receptor to the effector, and 3 ) the expression of different isoforms of the catalytic and/or the regulatory unit of Na+,K+-ATPase that would be less sensitive to the inhibitory effect of DA. There is no evidence to support the first or the third explanation. The DA receptor density decreases with age (32) . Analysis of Na+,K+-ATPase a-and @-subunit mRNA tration <O. 1 %); an equal amount was therefore present in control studies. Bars represent the mean value of three to six determinations. At the age of 10 d (C), the bar of PDBu together with sphingosine represents one experiment. Lines indicate SEM. **, p < 0.01; ***, p < 0.00 1. expressions in rat kidney tissue has consistently shown that a lmRNA is the predominant isoform transcript in both the infant and the adult-kidneys (33) (34) (35) . Studies u i n g specific antisera have also shown that the a 1-subunit and (3-subunit polypeptides, but not the a2-and a3-subunits, are present in kidneys from 2-wk-old rats as well as from adult rats (36) . The second possibility-that the intracellular signal transduction systems are different in immature and mature cells-is a strong one. DA inhibition of Na+,K+-ATPase involves activation of both the DA1 and the DA2 receptors (37, 38) . CAMP generated by DAI receptor activation appears to play a permissive role in the signal transduction from the DA2 receptor. DAI receptor stimulation of adenylate cyclase activity is age-dependent (32) . The signal systems coupled to the DA2 receptor have not been clarified, but they may involve PKC activation because sphingosine, an inhibitor of PKC, abolishes DA inhibition of Na+,K+-ATPase.
Direct activation of PKC inhibits Na+,Kf-ATPase in mature PT cells (22) (Figs. 2 and 3) . PKC also reduces water and electrolyte reabsorption in PT segments (39, 40) . PKC-mediated inhibition of Na+,Kf-ATPase was found to be age-dependent (Figs. 2 and 3) . The specificity of the PKC activators that we used was confirmed by the following observations. The active phorbol PDBu inhibition of Naf,K+-ATPase activity was dosedependent (Fig. 3) . The inhibition by PDBu was abolished in the presence of sphingosine, one specific and characterized inhibitor of PKC activation (4 1). The 4a-12-1 3 phorbol didecanoate that does not activate PKC similarly did not inhibit Na+,Kf-ATPase activity.
The final step involved in the short-term regulation of Na+,K+-ATPase probably involves protein kinase-mediated phosphorylation either of an Na+,Kf-ATPase subunit or of an interacting protein. The lack of effect of phorbols and DAG on Na+, K+-ATPase activity in immature cells may be due to several factors, such as the expression of functionally different isoforms of PKC in immature and mature cells, developmental differences in the regulation of dephosphorylation of the proteins phosphorylated by PKC, and the absence of a protein interacting with the Na+,K+-ATPase molecule in immature cells. Studies on nerve cells show that the relative RNA expression of at least three different PKC isoforms (a, (3, and 7 ) changes postnatally (42) . These isoforms are known to have different substrate affinities, different sensitivities to calcium and lipids, and a different rate of degradation. The expression of PKC genes has not yet been studied in the developing kidney.
In conclusion, inhibition of proximal tubule Na+, Kf-ATPase by dopamine receptor activation and PKC activation is blunted or absent during early postnatal life. These observations imply that the infant renal tubule cells have a low capacity to rapidly alter sodium transport and may explain the low capacity of the infant to regulate sodium balance. They also imply that the intracellular systems that transduce a signal from an activated membrane receptor undergo important functional changes during postnatal life.
